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Abstract
Neurogenesis in the cerebellum proceeds through a temporal series of cell production from two separate epithelia, the ventricular zone
(VZ) and the external granule cell layer (EGL). Using the laacZ cell lineage tracer in transgenic mice, we describe cellular clones whose
dates of birth span the entire period of cerebellar development and deduce a sequence of cell dispersion leading to the final allocation of
cells in the cerebellum. Clones probably labeled early during neural tube formation show that individual progenitors can give rise to all
cerebellar cell types. The distribution of clonally related granule cells in these clones indicates a mediolateral organization of EGL
progenitors already established before the allocation of the EGL progenitors to the cerebellum. Clones restricted to the cerebellar VZ show
that the VZ derives progenitors for deep nuclei and multipotent cortical progenitors, which lose their systematic lineage relationship when
longitudinal cell intermingling in the cerebellar VZ becomes more limited. The small clones also show that cell dispersion is radial in the
internal granule layer and tangential in the molecular layer. Together, the data demonstrate the broad maintenance of the relative order of
cells from neural tube stages to the adult cerebellum.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The cerebellum has a complex developmental history
that involves a set of coordinated cell movements and two
separate proliferation zones: the ventricular zone (VZ),
which produces sequentially most neuronal classes, and the
external granule cell layer (EGL), a rhombic-lip-derived
progenitor pool that produces the granule cells (reviewed in
Hatten, 1999; Goldman et al., 1997).
The origin of EGL is relatively well understood (Alder et
al., 1999; Hatten et al., 1997; Wingate and Hatten, 1999).
The EGL is derived from the rhombic lip, a structure located
at the roof plate of the fourth ventricle (Alvarez-Otero et al.,
1993; Ryder and Cepko, 1994). This external progenitor
pool spreads to cover the pial surface of the cerebellar plate
and gives rise to granule cells that eventually migrate in-
ward to the internal granule layer (IGL) (Ryder and Cepko,
1994; Wingate and Hatten, 1999). The EGL appears to be
segregated early during cerebellum formation and produces
only granule cells (Hallonet et al., 1990; Lin et al., 2001;
Zhang and Goldman, 1996). The expression of granule
cell-specific markers (Zic-1, Pax-6, En-2) reveals para-
sagittal arrays of granule cells precursors (Lin and Cepko,
1998; Millen et al., 1995) that define a mediolateral genetic
organization of granule cell progenitors that may underlie
their inward migration pathway (Lin and Cepko, 1998).
The cerebellar VZ forms by an expansion and rotation
of the dorsal aspect of the rostral hindbrain and caudal
mesencephalon (Alvarez-Otero et al., 1993; Martinez and
Alvarado-Mallart, 1989). The pool of cerebellar VZ pro-
genitors displays an early parasagittal patterning and be-
comes topologically transformed from anteroposterior in
the neural tube to mediolateral in the cerebellum (Mathis
et al., 1997). The VZ generates sequentially the deep
nuclei, the Purkinje cells, and other classes of cerebellar
neuron (Altman and Bayer, 1997). In the mouse, between
E10 and E15, neurons of the deep nuclei are produced
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first and the Purkinje cells are produced slightly later.
Golgi cells of the IGL are produced during the entire
period of cerebellar neurogenesis from the VZ (Altman
and Bayer, 1997). The molecular layer neurons arise after
birth and initially were thought to derive from the EGL,
the only epithelium active after birth. However, grafts in
the chick embryo (Alvarez-Otero et al., 1993; Hallonet et
al., 1990) and clones in the mammalian cerebellum (Ma-
this et al., 1997; Zhang and Goldman, 1996) have shown
that molecular layer neurons derive from the VZ and are
produced by dividing extraventricular progenitors lo-
cated in the white matter. Furthermore, in the mouse
cerebellum, all the cells produced by the VZ derive from
common progenitors already fated to the cerebellum (Ma-
this et al., 1997). In principle, the diversification of cell
types from common progenitors may result either from a
specialization of temporally regulated precursors to pro-
duce each a limited number of different cell types or from
self-renewing stem cells sequentially producing all cell
types.
Although a detailed description of cell movements and
migration has been obtained in the cerebellum, the origin,
timing, and properties of the mediolateral organization of
the rhombic lip in relation to morphogenetic events in the
neural tube are not known. Furthermore, the relationship
between neuroepithelial cell movements and cell fate
choices in the cerebellar VZ remains to be resolved.
In order to analyze clonal relationships over a long pe-
riod, we developed a genetic method of single cell labeling
in the mouse embryo based on the generation of a functional
lacZ reporter gene during normal development of transgenic
mice carrying an inactivated laacz transgene (Bonnerot and
Nicolas, 1993; Nicolas et al., 1996). A random intragenic
recombination event reestablishes the open reading frame of
the lacZ reporter gene in a cell, which then transmits the
functional lacZ gene to its descendants. The low frequency
of spontaneous recombination events (Bonnerot and Nico-
las, 1993) results in the labeling of individual cells during
development. To study clonal relationships in the central
nervous system, the laacz gene has been placed under tran-
scriptional control of the neuron-specific enolase (NSE)
promoter (Forss-Petter et al., 1990; Mathis et al., 1997).
These characteristics permit long-term visualization of
clones labeled at any stage of development. This method
presents several advantageous features as compared with
other techniques to visualize cell lineages in the developing
cerebellum. In particular, the labeling method is random,
which permits the generation of clones representative of all
developmental stages. Thus, the analysis of clones born
before and after the formation of the cerebellar anlage
provides information on cell events occurring before and
around E8.5 in the mouse neural tube (Mathis et al., 1997).
This time point is very difficult to analyze by using con-
ventional labeling techniques in the mouse because it is late
compared with chimeric (Wetts and Herrup, 1982a) and X
Table 1
Distribution of -gal cells in the clones
Category of
clone
Number of
clones
Cell number
(mean)
Location Number of lobes
(number of clones)
Other CNS
domains
large clones
(•4 lobes)
MPG  N  Gr 3 2000 2V  H, 1V 10 (3) 3 CNS, bilateral
MPG  N 12 71 to 2141 (1080) 5V, 7H 10 (7), 9 (1), 8 (2),
7 (1), 4 (1)
3CNS, 3 HM, unilateral
MPG 1 90 H 6
Gr 1 1000 1V 6 (1)
small clones
(•2 lobes)
MPG 12 10 to 100 (29) 5V, 7H 2 (4), 1 (8) 1 HM
M/P/G 46 1 to 10 (5) 19V, 29H 1 (46) 3 cns, 2 HM*
PG 8 3 to 10 (6) 4V, 4H 1 (8)
MG 7 3 to 8 (5) 3V, 6H 1 (7)
G 21 1 to 6 (3) 9V, 12H 1 (21) 2 cns, 1 HM*
P 4 1 (1) 2V, 2H 1 (4) 1 HM*
M 6 1 to 5 (2) 1V, 5H 1 (6) 1 cns
Gr 9 5 to 54 (17) 3V, 6H 2 (1), 1 (9) 1 cns*
deep nuclei clones 3 10, 45 and 54 (36)
Note. Labeled cerebella have been classified into large or small clones and grouped according to their histological composition. The number of clones, their
cell numbers, their location in the vermis, V, or hemisphere, H, and their longitudinal dispersion (number of lobes populated) are indicated. M: molecular
layer, P: Purkinje cell layer, G: Golgi cells, Gr: Granule cells, N: deep nuclei. MPG: clones containing VZ-derived cells in the 3 cortical layers. Small groups
of granule cells have been observed in 2 larges clones of this category (see Mathis et al. 97). M/P/G: clones containing VZ-derived cells in 1 or 2 cortical
layers, (detail in grey). The location of cells in regions of the brain outside the cerebellum is indicated. CNS: large brainstem clone. HM: hindbrain midbrain
area. cns: individual cell clusters elsewhere in the CNS.
* : contralateral.
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Fig. 1. Distribution of -gal cells in the largest clones. (A) Clone 97–547. -Gal cells are homogeneously distributed on both sides of the cerebellum
and brain stem (schematically depicted on the left below the flattened cerebellum). (B) Clone 95–106. Labeled cells are distributed extensively on the left
side. A high density of -gal granule cells is observed on the lateral-most and median domains. (C) Clone 95–950. Labeled cells are restricted to a median
domain on the right cerebellum. In clones 95–106 and 95–950, -gal cells are distributed in clusters on both sides of the brain stem (schematically depicted
on the left below the flattened cerebellum). The red lines on the flattened cerebellum indicate the borders of granule cells clusters defined by clone 95–106.
(D) Distribution of -gal cells in the cerebellum and in the brain stem of large VZ-clones. (E) Distribution of -gal cells in the cerebellum of granule
cells clone 95-34.
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inactivation (Baader et al., 1996) mosaicism and it is not
easily accessible for retrovirus infection.
Here, we present findings that further define the sequence
of cell production in the mouse cerebellum, and show a
clonal organization of granule cell progenitors along the
mediolateral axis of the cerebellum, probably already estab-
lished at neural tube stages. We show that the VZ derives at
least two main pools of progenitors: progenitors fated to the
deep nuclei and multipotent progenitors that produce se-
quentially the cortical neurons. We show that the multipo-
tent VZ progenitors do not produce deep nuclei when lon-
gitudinal cell dispersion in the cerebellum becomes more
limited. Together, the data demonstrate the broad mainte-
nance of the relative order of cells from neural tube stages
to the adult cerebellum.
Methods
Production and description of the clones
Transgenic mice bearing a NSE-nlslaacZ construct were
described previously. Stocks of transgenic animals were
maintained by intercross breeding. Progeny were obtained
from crosses between transgenic and nontransgenic C57BL/
6xDBA/2 animals, and mice homozygous for the transgene
were identified by PCR analysis with the appropriate oligo-
nucleotides for lacZ (Bonnerot and Nicolas, 1993). The
-gal clones were obtained from 10 males of 1 transgenic
NSE-nlslaacZ line (NSE-I). For the production of clones,
homozygous transgenic males were crossed with nontrans-
genic females. Brains from postnatal day 12–20 progeny
were dissected. Whole-mount X-gal staining was performed
as follows: dissected brains (including brain stem, cerebel-
lum, cortex, and in many instances, spinal cord) were fixed
for 30 min in cold 4% paraformaldehyde in PBS at 4°C,
washed several times in cold PBS, incubated for 48 h in
X-gal at 30°C, stored at 4°C in X-gal for several days, and
cleared in 70% glycerol for 48 h to increase the detection of
the clones. Finally, the brains were carefully examined for
the presence of -gal  cells. The long incubation period at
30°C and the long storage in X-gal at 4°C increase the
efficiency of staining deep neurons (Mathis et al., 1997).
That this protocol is appropriate to label -gal cells lo-
cated deep inside the internal granule layer is illustrated on
several examples in Figs. 2, 3, and 4. The intensity of
staining was similar between the molecular layer and the
deep parts of the internal granular layer, and the different
VZ-derived cell types were all labeled at comparable inten-
sities (see Figs. 2 and 3). This indicates that, although some
cells may not be accessible to the staining, there is probably
no systematic bias in the detection of certain cell types.
From our screen, most of the clones that contained granule
cells were large and also contained other labeled cell types,
and only a few small granule cell clones were detected
(Table 1). The difficulty in the detection of small granule
clones in the screen was probably due to the small size of
the granule cells, the deep location within the cerebellum,
and a lower expression level of laacZ in granule cells
(Mathis et al., 1997). The enumeration of the cortical
-gal cells was done by direct observation using a ste-
reomicroscope. The distribution of labeled cells was re-
corded in toto by drawings using a camera lucida.
The -gal cerebella were classified into large clones
that populate many lobes of the cerebellum and small clones
that populate one or two consecutive lobes (Table 1). Sev-
eral large clones and most of the small clones were re-
stricted to the cerebellum (Table 1). The low frequency of
cerebella with large numbers of -gal cells (13 out of
1200 cerebella) indicates that the labeled cells are all de-
rived from single progenitors and are clonally related (Ma-
this et al., 1997). In cerebella with low numbers of -gal
cells, labeled cells are systematically clustered and are
likely to be clonally related (Mathis et al., 1997).
Histological analysis
Cerebella to be sectioned were transferred into series of
PBS solutions with decreasing concentration of glycerol
(50%, 30%, 10%) and then in 30% sucrose (w/v) in PBS
overnight. Cryostat serial sections (30–60 m thick) of
each cerebellum were then generated, and the sections were
analyzed by using conventional bright-field, Nomarski, and
phase contrast microscopy, in unstained and neutral-red-
stained sections. Cell types were identified on these histo-
logical sections by their location in the cortex and by the
size of their nuclei (Fig. 1). Except the deep nuclei, cells are
distributed in a laminated cortex comprising three cellular
layers: the internal granule layer, the Purkinje cell layer, and
the molecular layer. Due to the use of the neuron-specific
enolase promoter, most labeled cells are expected to be
neurons, but a fraction may be nonneuronal. Despite this
potential limitation, it was possible to group the clones
according to their content of the three major classes of
cerebellar cells: EGL-derived granule cells (Fig. 2F, G, and
I and Fig. 3A ), deep nuclei (Figs. 2H and 3D), and VZ-
Fig. 2. Progenitors that produce all the cell types of the cerebellum. (A–H) Clone 97– 547. (A) Labeled cells in the ML, Purkinje cell layer, and IGL (Golgi
and granule cells). A few granule cells are also labeled in the EGL and ML (arrowheads). (B–G) The different cell types can be identified at 100
magnification. (B) Labeled basket cell just above the Purkinje cell layer and a granule cell below the PCL. (C) Purkinje cell. (D) Golgi cell just above the
Purkinje cell layer. (D) Golgi cell. (F, G) Golgi cell surrounded by several granule cells. (H) Labeled cells in the deep nuclei. (I) Colocalization of VZ- and
EGL-derived -gal cells in clone 95–950. White arrowheads indicate granule cells; black arrowheads indicate cells derived from the ventricular zone. M,
molecular layer (basket or stellate) cell; P, Purkinje cell; G, Golgi cell; Gr, Granule cell.
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derived cortical cells (Fig. 2B–E and I, and Fig. 3B–C and
E). Medium and large cells in the molecular layer have been
classified as molecular layer cells. Most of them have been
clearly identified as basket and stellate neurons on the basis
of their typical morphology observed using 100 magnifi-
cation; their sizes were around 5.6 m. Large (10 m)
-gal cells in the Purkinje cell layer were classified as
Purkinje cells, based on the size of their nuclei and cell
morphology. Small cells (4 m) in the internal granule layer
have been identified as granule neurons. Finally, large (9
m) or medium (6 m) cells located below the Purkinje cell
layer were classified as Golgi neurons. Typical examples of
these various cases are illustrated in Fig. 2I–L.
Results
To visualize cellular clones in the cerebellum, P12–P20
NSE-laacZ transgenic mice were dissected and analyzed for
the presence of -gal cells resulting from an intragenic
recombination within the laacZ gene in a CNS precursor. In
an initial screen of 1200 NSE-laacZ transgenic mice, 128
positive cerebella were obtained and the largest clones pre-
sented cells derived either from the VZ or from the EGL,
indicating that most of the clones populate either the VZ or
the EGL from early development (Table 1; Mathis et al.,
1997). The clonal independence between these two prolif-
erative zones was confirmed because granule cells and the
large cortical cell types were not lineally related in the small
clones restricted to the cerebellum (Table 1; see Fig. 3).
Progenitors that contribute to all cerebellar cell types
To test the possibility that VZ and EGL have common
precursors, 2800 additional transgenic laacZ brains were
screened for large clones. In this screen, we found 3 cere-
bella that contained a large number of labeled granule cells,
as well as all the other cortical cell types (Golgi, Purkinje,
and molecular layer neurons) and deep nuclei (Fig. 1A–C,
and Fig. 2). The distribution of each different cell type was
extensive in both longitudinal and mediolateral dimensions
of the cerebellum (Figs. 1 and 2). The clonal identity of
-gal cells in these clones has been statistically deter-
mined (Table 2), demonstrating the existence of common
precursors of the different VZ and EGL-derived cell types.
Therefore, these clones identify precursors that contribute to
all the cell types of the cerebellum.
The clones that gave rise to all the cerebellar cell types
contained labeled cells distributed widely along the brain
(Fig. 1A–C) and on both left and right sides of the brain
stem (bilateral clones, 97–547 and 95–950; Fig. 1A and C).
Previous statistical analysis shows that, in large clones of
the cerebellum, the contribution to the brain stem is very
unlikely to be due to a second independent event of recom-
bination (2 test, P  104; Mathis et al., 1997). In two
clones (95–950 and 95–106), despite the widespread dis-
persion of labeled cells along the brain, cells in the brain
stem were not uniformly dispersed. Instead, -gal cells in
the brain stem were organized into many separate clusters
that defined subclones distributed during the phase of lon-
gitudinal dispersion of the brain stem progenitors (Fig. 1B
and C; see Mathis and Nicolas, 2000a). In clone 97–547, the
largest clone obtained, the density of -gal cells was very
high in both the cerebellum and the brain stem, and no
subclone organization could be recognized (Fig. 1A). The
characteristics of the clones that give rise to all the cerebel-
lar cell types (extensive dispersion along the brain and
bilaterality of clonally related -gal cells) indicate that
they derive from precursors labeled early during neural
plate formation or even before (Mathis and Nicolas, 2000b).
As clones with a more restricted dispersion in the brain stem
presented labeled cells derived either from the VZ or EGL,
this suggests that a large longitudinal extent of the clones
correlates with the presence of both granule and VZ-derived
labeled cells in the cerebellum. The density of cells in the
hindbrain of clones 95–106 and 95–950 was similar to that
of the large clones that also contained many clusters dis-
tributed along the brainstem but which were restricted to the
cerebellar VZ (Fig. 1D). Therefore, clones with similar
distributions of clonal clusters along the brain stem can
populate both EGL and VZ or can be restricted to one of
these proliferation zones. This indicates that the longitudi-
nal dispersion along the brain stem is not a sufficient con-
dition to populate both the VZ and the EGL, suggesting that
another element is required (see Discussion).
Early mediolateral regionalization of granule cells
progenitors
In the clones 95–950 and 95–106, clusters of granule
cells could be identified in whole mount by a high density of
small -gal cells located in the deepest cortical layer (Fig.
1A–C). -gal granule cells were distributed along the
whole rostrocaudal dimension of the cerebellum and were
mainly unilateral (Fig. 1B and C). Groups of -gal gran-
ule cells crossed the midline, apparently at any anteropos-
terior level of the cerebellum but extended only moderately
within the contralateral side (Fig. 1B and C). This indicates
mediolateral movements of granule cell progenitors. Strik-
ing differences in the density of -gal granule cells were
observed along the mediolateral axis of the cerebellum. In
clone 95–106, -gal granule cells were distributed into a
dense lateral domain, an intermediate domain with fewer
-gal granule cells and a dense median domain (Fig. 1B).
The borders between domains of density define parasagittal
domains. In clone 95–950, -gal granule cells were
mainly restricted to the vermis, and their distribution defines
another parasagittal border (Fig. 1C). This border does not
coincide with those defined by clone 95–106 (Fig. 1C, red
lines).
In clone 95–950, EGL- and VZ-derived -gal cells
were colocalized (Fig. 2I) on the medial part and on the
same side of the cerebellum, despite a widespread bilateral
distribution of -gal cells in the brainstem (Fig. 1C). The
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parasagittal domains of -gal granule cells probably de-
fine subclones of granule cells within larger clones. In fact,
a preferential rostrocaudal cell mingling was observed in the
largest pure granule cell clones obtained (e.g., clone 95–34;
Fig. 1E), indicating that the rostrocaudal dispersion is due to
the behavior of individual progenitors already fated to the
EGL. These data indicate a mediolateral organization of
EGL progenitors and a rostrocaudal dispersion of granule
cell progenitors in both the vermis and hemispheres.
In conclusion, in this section, we demonstrate that there
are common precursors for the VZ and EGL, and that EGL
progenitors are mediolaterally regionalized and disperse
along the rostrocaudal and mediolateral axes. These prop-
erties hold for both the vermis and hemispheres.
Fig. 3. Progenitors with a more restricted fate. (A) Clone 95–345, an EGL-derived clone restricted to the cerebellum with labeled granule cells. (B) Clone
94–452, a large VZ-derived clone with labeled cells in the molecular layer, Purkinje cell layer, internal granule layer (Golgi cells), and the deep nuclei. (C)
Clone 94–968, a small VZ clone restricted to the cerebellum with labeled cells in the molecular layer, Purkinje cell layer, and internal granule layer (Golgi
cells). Note the clustering of the different cell types and the large size of cells (same magnification as A). (D) Low power of clone 94–508 restricted to the
cerebellum with 54 labeled cells restricted to the deep nuclei. (Inset) Higher magnification of an adjacent section. (E) Clone 94–700, small clone restricted
to the cerebellum and mainly restricted to the molecular layer; a labeled Golgi cell was found in the same lobe in an adjacent section.
Table 2
Statistical test of clonality
Large VZ clones Large EGL clone Large VZ  EGL clones
Frequency of the clones Expected (if 2 recombinations) Observed
13/1200 1/1200 13/1200  1/1200  9.0  106 3/4000  7.5  104
Note. In principle, large VZ  EGL clones (with labeled granule cells, Golgi, Purkinje, molecular layer and deep nuclei neurons) could occur as a result
of multiple recombination events in progenitors for large clones derived from the VZ and for large granule cell clones. We tested whether the observed number
of large cerebellar clones with all cell types labeled (n  3) equals the expected number following the hypothesis (n  3.6  102). The difference is
significant, X2 test, 1 df, p  103), therefore we rejected the hypothesis.
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Modes of cell production and migration from the VZ
To gain insight into the relationship between cell move-
ments in the VZ and the production of cells types by VZ
progenitors, we then analyzed histological sections for the
distribution and cell type content in clones. Labeled cell
types in each clone were scored by both cell size and
location in the cerebellum. The cellular contents of 87
clones are summarized in Table 1. Overall, the more re-
stricted typological composition of the small clones as com-
pared with large or medium clones (Table 1) suggests that
the number of different cell types produced by individual
precursors decreases when proliferation and dispersion be-
come more limited. The different categories of clones re-
stricted to the cerebellum were found on the vermis or the
hemispheres at similar frequencies, demonstrating similar
histogenic properties of the pools of precursors in these
domains (Table 1).
The deep nuclei cells are born when the VZ is the only
active neuroepithelium, implying a VZ origin of these cells
(Altman and Bayer, 1997). Accordingly, in the large and
medium clones, deep nuclei were clonally related to the VZ
cortical neurons types (n  15; Fig. 3A, Table 1; Mathis et
al., 1997). This observation demonstrates a clonal relation-
ship between all the cell types derived from the VZ. Inter-
estingly, three cerebella contained labeled -gal restricted
to the deep nuclei (Fig. 3D, Table 1). The deep nuclei clones
contained up to 54 cells (Table 1), demonstrating the sig-
nificant potential of cell division of their precursors. Fur-
thermore, only clones with a large longitudinal extent in the
cerebellum (clones dispersed over 4–10 lobes of the cere-
bellum) contributed to both deep nuclei and cerebellar cor-
tex, whereas clones with a more restricted dispersion in the
cerebellum (contributing to 1 or 2 consecutive lobes) gave
rise to clones restricted to the cortical layers (Table 1).
These clones demonstrate that a pool of dividing progeni-
tors is fated to the deep nuclei.
The analysis of many small clones shows a clustering of
VZ-derived labeled cells located in different layers (inter-
nal, Purkinje, and molecular layers) in clones restricted to
the cortical layers (Figs. 3C and 4 ). The clustering of
-gal cells indicates that the clones derive from individual
progenitors in the VZ, which remain static over a long
period of time (from E12 for the Purkinje cells to postnatal
period for the basket and stellate cells of the molecular
layer), confirming results from our previous clonal analysis
(Mathis et al., 1997).
The smallest Purkinje cell clones also contained labeled
cells in the IGL and in the molecular layer. Several cerebella
contained only one labeled Purkinje cell (n  5), but mul-
ticellular clones containing exclusively Purkinje cells were
not observed in our sample. The systematic clonal relation-
ship between Purkinje cell and other cortical types demon-
strates that the Purkinje cells derive from multipotent cor-
tical progenitors.
Small clones that contributed to the molecular layer were
either clonally related to the Purkinje cells or to some Golgi
cells. Some pure molecular layer clones were obtained (n 
3) and they had only a few labeled cells (up to 5). The
clones indicate a clonal relationship between the molecular
layer and Golgi cells of the IGL. Golgi cells formed pure
Golgi clones (up to 6 cells) or combined with Purkinje cells.
This indicates that Golgi cells may be a heterogeneous
population derived from the VZ.
Scoring the distribution of -gal cells in the cortical
layers in many small clones showed that cell dispersion was
mainly radial (perpendicular to the PCL) in the IGL/PCL
(Figs. 3C and 4A) and tangential (parallel to the PCL and
along the mediolateral dimension of the cerebellum) in the
molecular layer (Figs. 3C, 3E, and 4B). The radial cell
dispersion was observed at different mediolateral levels of
the cerebellum: examples of lateral clones included clones
95–143a, 94–691, and 95–928g, whereas more medial
clones included clones 95–34 and 95-143-2. In our sam-
ple, large ML clones were mainly found in the lateral
cerebellum (Figs. 3E and 4B), but the greater dispersion in
the ML was also observed in more medial parts of the
cerebellum (e.g., Fig. 3C). This analysis therefore indicates
a striking difference in cell distribution of the precursors in
the molecular layer and in the internal granular layer
throughout the cerebellum.
In conclusion, in this section, we show that there is a pool
of dividing progenitors fated to the deep nuclei, that the
Purkinje cells derive from multipotent progenitors, and that
cell dispersion is radial in the IGL/PCL and tangential
throughout the molecular layer.
Discussion
In the present study, we have used a genetic method to
analyze in the postnatal cerebellum events that we can trace
back to the earliest steps of brain development, around E6.5
(see below). Indeed, the laacZ method allows long-term
labeling of clones of cells, which provides information on
the sequence of cell production and distribution from the
neural plate to postnatal cerebellum. Clones are randomly
labeled, and thus the date of birth of the clones is not
known, but the comparison with fate mapping techniques
can provide estimation of the location of the labeled pro-
genitors. Due to the use of the neuron-specific enolase
promoter, most labeled cells are expected to be neurons.
Therefore, it was possible to group the clones according to
their content of the three major classes of cerebellar cells:
EGL-derived granule cells, deep nuclei, and VZ-derived
cortical cells. Furthermore, small clones share many fea-
tures of the clonal distributions with large or medium
clones. This indicates that small clones are subclones within
larger clones, thus allowing us to deduce the relationship
between cell movements and cell fate choices in the cere-
bellum.
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Neuroepithelial cell movements and cell fate choices from
neural tube stages to the postnatal cerebellum
The clones that contribute to all cerebellar cell types
demonstrate a clonal relationship between the EGL and the
VZ. These clones had clonally related siblings widely dis-
persed along the brain stem. As this was also observed in
several large VZ clones, the choice to populate either the
rhombic lip or the VZ is not simply associated to the antero-
posterior movements in the neural plate. The following two
observations suggest that the limitation of dorsoventral cell
mingling between the rhombic lip and the dorsal neural tube
is also involved: (1) the broad colocalization of cells derived
from these two separate epithelia indicates that their pro-
genitors were not very distant in the neural tube (Fig. 5A
and B); and (2) in the chick, the property of grafted popu-
lations to populate both the VZ and EGL correlates with the
ability of cells to intermingle in the dorsal neural tube
(Wingate and Hatten, 1999). Thus, the choice of the cells to
populate the EGL or the VZ may coincide with the limita-
tion of anteroposterior and dorsoventral cell mingling in the
anterior rhombencephalon.
Large and medium clones restricted to the cerebellum
clearly show that deep nuclei are clonally related with
progenitors for the cortical layers. Moreover, cortical small
clones never presented clonally related cells in both cere-
bellar cortex and nuclei. Therefore, cortical cells lose their
clonal relationship with the deep nuclei from the time cells
stop dispersing in the neuroepithelium. This is compatible
with the segregation between deep nuclei and cerebellar
cortex progenitors from common progenitors in the VZ.
Alternatively, the potentialities of the progenitors could
become heterogeneous temporally, deep nuclei being pro-
duced both before and during the period of Purkinje cells
production (Altman and Bayer, 1997). Whatever the case
may be, the fact that progenitors do not produce deep nuclei
when they form small clones in the VZ suggests that the
arrest of longitudinal clonal cell dispersion during cerebellar
formation accompanies some cell fate determination (Fig.
5C).
Together, these data indicate that the lineage relationship
between the VZ and the EGL and between the cortical and
deep nuclei are lost with the arrest of movements along the
dorsoventral axis of the neural tube or longitudinal axis of
the cerebellum, respectively (Fig. 5B and C). Given that the
dorsoventral movements in the neural tube may be homol-
ogous to the longitudinal movements of the cerebellum
(Fig. 5B), both cell fate choices may occur at a similar phase
Fig. 4. Dispersion of small VZ clones into the cerebellar layers. The distribution of clonally related cells was scored by camera lucida in consecutive (up to
3) histological sections of small VZ clones. (A) Radial dispersion in the internal granular layer. (B) Tangential dispersion in the molecular layer.
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of the clonal history. The relationship between cell coher-
ence and cell fate choice has been demonstrated in the
spinal cord and rhombencephalon (Fraser et al., 1990;
Mathis et al., 1999), and our results may generalize this
observation in the rhombic lip and in the forming ventric-
ular zone.
Mediolateral organization of granule cell progenitors
The expression patterns of several genes have shown that
the cerebellum is subdivided into parasagittal transcriptional
domains of granule cell-specific markers (Zic-1, Pax-6,
En-2) (Millen et al., 1995; Lin and Cepko, 1998). The
developmental origin of these expression patterns is still
unclear. The morphogenetic rotation of the cerebellum
changes as a whole the anteroposterior axis of the neural
tube into the mediolateral axis of the cerebellum (Martinez
and Alvarado-Mallart, 1989; Alvarez-Otero et al., 1993;
Mathis et al., 1997). Although the extent of mediolateral
movements in the rhombic lip is not known, the mediolat-
eral organization of clones observed in the large granule
clones indicates that the anteroposterior order of the rhom-
bic lip progenitors in the neural tube may be maintained to
some extent in the mediolateral distribution of the cerebellar
granule cells (Fig. 5A and B). Thus, the initial longitudinal
spreading of the EGL is compatible with the maintenance in
the developing cerebellum of some positional information
acquired at neural tube stages. Next, mediolateral move-
ments take place while the EGL expands over the cerebel-
lum (see clones at the midline level, Fig. 1B and C; Ryder
and Cepko, 1994).
Properties of progenitors in the ventricular zone
The VZ generates sequentially the deep nuclei, the Pur-
kinje cells, and other classes of cerebellar neurons (Altman
and Bayer, 1997). Between E10 and E15 in the mouse,
neurons of the deep nuclei are produced first, and the Pur-
kinje cells are produced slightly later. Golgi cells of the IGL
are produced during the entire period of cerebellar neuro-
genesis (Altman and Bayer, 1997). Molecular layer neurons
derive from the VZ (Mathis et al., 1997) and are produced
after birth by dividing progenitors located in the white
matter (Zhang and Goldman, 1996). Previous studies have
shown that these different cell types derive from common
precursors in the cerebellar VZ (Hallonet et al., 1990;
Mathis et al., 1997; Zhang and Goldman, 1996).
Clones composed exclusively of several Purkinje cells
were not observed. Clones composed of a single cortical cell
type were very small: maximal clone size was one cell in the
Purkinje cell layer and less than six cells for the internal
granular and molecular layers. Furthermore, the lineage
relationship between Purkinje, Golgi, and molecular layer
neurons in clustered small clones restricted to the cerebellar
cortex demonstrates that individual VZ progenitors for the
cerebellar cortex are multipotent and produce sequentially
the different cell types. The multipotent progenitors un-
dergo minor intercalation movements in the VZ and retain
their position during their translocation to the white matter
and cortical plate.
An interesting observation concerns the identification of
a pool of dividing progenitors fated to be deep nuclei. If we
assume that the observed -gal cells are neurons, the deep
nuclei clones are not expected following a strict stem cell
scheme, in which postmitotic neurons are produced by
asymmetric division of self-renewing VZ multipotent pro-
genitors, because the first cells produced (the deep nuclei)
should be systematically clonally related with later-pro-
duced cortical cell types. Therefore, we propose that there is
a pool of progenitors restricted to the production of deep
nuclei cells. The location of the postulated dividing progen-
itors fated to produce the deep nuclei remains to be estab-
lished.
The large interneurons of the internal granular layer of
the cerebellum are complex and include at least three cell
types, based on location and morphology: the “true” Golgi
cells, the Lugaro cells—located just underneath the Purkinje
cell layer, and the unipolar brush cells (Altman and Bayer,
1997). These different cell types are themselves heteroge-
neous on the basis of histochemical criteria (Geurts et al.,
2001). It is striking that the small clones also indicate a
lineage relationship between large cells distributed at dif-
ferent depths of the internal granule layer clonally related
either to the Purkinje or to the molecular layer neurons (see
Fig. 4). Therefore, the large interneurons of the internal
granule layer may represent a population with a heteroge-
neous clonal origin.
The properties of clones in the cerebellum show local
variation. For instance, VZ clones in the vermis disperse
and proliferate more than those in the hemispheres (Lin and
Cepko, 1999; Mathis et al., 1997). In principle, these dif-
ferences might reflect differential growth possibly due to a
longer development of the medial cerebellum or recruitment
of novel cell behavior during the evolution of the lateral
cerebellum. The spread of granule cell clones, the longitu-
dinal dispersion of large VZ clones, the dispersion of cells
in the cortical layers, and the histogenic properties of the VZ
progenitors—deduced from the small clones—are similar in
the vermis and hemispheres of the mouse cerebellum, sug-
gesting that the evolution of the lateral cerebellum in mam-
mals involved heterochrony, a frequent mechanism in mor-
phological evolution (Raff, 1996).
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